This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Introduction

32
Anaerobic digestion (AD) has been widely used for the treatment of municipal and 33 industrial organic wastes (Chen et al. 2008) . The main advantage of this technology is the 34 conversion of wastes into energy as biogas (50-60% CH 4 and 40-50% CO 2 ), which can be 35 further converted into electrical energy (Bouallagui et al. 2005) . However, AD often suffers 36 from a range of problems, such as environmental sensitivities (pH, temperature, salts, 37 alkalinity); chemical inhibition (e.g. ammonia, hydrogen sulphide, heavy metals); and poor 38 biogas yield and quality (Stuart 2006) . In the past much effort was devoted to address these 39 problems (Appels et al. 2011; Zhang et al. 2016) . Recently integrating electrochemical 40 systems with AD processes has been considered as a promising way to address some of these 41 problems. For example, Tartakvosky et al. (2011) placed two electrodes at the bottom of an 42 UASB reactor to trigger water electrolysis. They found that the hydrogen gas produced from 43 the electrolysis could improve the combustion properties and the methane content of the 44 biogas produced, plausibly via enhanced hydrogenotrophic methanogenesis. Likewise, some 45 researchers harnessed the ability of microorganisms to catalyse the electrochemical reactions 46 within an AD reactor (Fu et al. 2015 , Zhang et al. 2013 , Villano et al. 2010 . The use of this 47 so-called bioelectrochemical system (BES) for improving AD processes is currently under 48 rapid development (Bajracharya et al. 2016) . 49 BES can be broadly divided into two types, electricity-producing microbial fuel cells . It has been shown that many natural microorganisms could grow on electrodes and 54 exchange electrons (Rozendal et al. 2008) . Of particular interest is that some of these 55 electrochemically active microorganisms can catalyse conversion of CO 2 into methane.
56
Underpinning this so-called "electromethanogenesis" are two possible reactions, a direct and 57 an indirect electron transfer (Kuramochi et al. 2013 
Process operation and experimentation 9
The liquid in the reactors was thoroughly mixed using magnetic stirrers (RCT basic 164 IKAMAG ® ) throughout the entire study. The initial anaerobic condition was established by 165 flushing the reactor headspace with pure N 2 gas. The operation at each reactor was conducted 166 in a batch-fed mode by adding the same amount of glucose every day. All reactors were 167 sealed with rubber stoppers and the biogas produced was collected and quantified with an 168 inverted cylinder (500 mL) using water displacement method. temperatures of an injector and detector were 200 and 250 ˚C respectively. The peak areas of 191 a FID output signal were integrated using STAR Chromatography Soft-ware © (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) .
192
The methane, hydrogen and carbon dioxide concentrations in biogas were analyzed by 193 Varian Star 3400 gas chromatograph (GC) equipped with a thermal conductivity detector.
194
The carrier gas (high purity nitrogen) was set at a flow rate of 30 mL/min. Manual injections After introducing inoculum the three reactors were operated in-parallel for 30 days in 4 201 phases as described below corresponding to different potentials applied to the working 202 electrodes. No potential was applied to the control reactor. 
Bioelectrodes poised at -0.8V improved biogas production rate only for a short-term 205
(Phase 1) 206 To determine the methane content and biogas production rate during the process 207 initiation (Phase 1: day 0-7), the carbon felt WE in both single-and two-chamber BES-AD 208 settings were controlled at a cathodic potential of -0.8 V. At this potential electrolytic 209 hydrogen production (as measured by cathodic current under abiotic condition) was found to 210 be insignificant. Nonetheless, both reactors (single-and two-chamber) almost instantly 211 facilitated a higher initial biogas production rate and higher methane content in the produced 212 biogas ( Fig. 1 a and b ).
213
Since no lag-phase was recorded for such enhancement, the initial AD culture may have 214 already contained methanogens that can benefit from indirect electron transfer reactions (e.g.
215
reaction 2) (Cheng et. al 2009). However, the elevated biogas production was only 216 short-term. It lasted for only 3 days ( Fig. 1 a) . At day 7, all the three reactors produced biogas 217 at a similar rate (approximately 1 L/L/d). Both electrochemically-augmented reactors 218 produced biogas with methane content higher than that of the control in Phase 1. However, 219 no remarkable difference of methane content was noted between the two BES-AD reactors 220 ( Fig. 1 a and 
A slightly more negative WE potential (-1.0 V) enabled the two-chamber reactor to
225 produce biogas enriched with a higher methane content (Phase 2) 226 To further elucidate the role of bioelectrodes in the AD process, the WE in both 227 Phase 2 (day 8-14) ( Fig. 1 d) . Similar to Phase 1, the slightly lowered WE did not affect the 229 biogas production rate ( Fig. 1 a) . However, the positive effect of methane enrichment in the 230 biogas produced from the two-chamber reactor became more profound, with the average 231 methane content reaching a much higher level (from ca. 60 to 77%) compared to the 232 single-chamber (56%) and the control reactors (51%) (Fig. 1 b) . The more negative electrode 233 potential also resulted in a higher cathodic current production ( Fig. 1 c) . Clearly, the 234 two-chamber configuration enabled a higher cathodic current production compared to the 235 single-chamber configuration (10 mA vs. 2 mA). Worth noting is that the higher cathodic 236 current in the two-chamber reactor also coincided with a basification of the working 237 electrolyte ( Fig. 1 g) . It is well-known that the use of ion exchange membranes in BES would Methane production in the two BES-AD configurations was further assessed with a 260 more negative WE potentials in day 15-28 (Phase 3). The results showed that the more 261 negative WE potentials did not affect the current in the single-chamber reactor, but the 262 current in the two-chamber reactor was drastically increased to about -120 mA ( Fig. 1 c and   263 d), with also a higher methane content (from 75%-93%) compared to the single-chamber 264 (54.1%) and the control (50.3%) ( Fig. 1 b) . Although the control reactor had a higher biogas 265 production rate (Fig. 1 a) , the accumulative methane production of the two-chamber reactor 266 was significantly higher due to the enriched methane content (Fig. 1 e) .
267
To understand if the drastic increase in cathodic current in the two-chamber reactor was 268 associated with an abiotic H 2 formation; and whether the microbial culture could readily 269 utilise the produced H 2 for methane formation, a detailed analysis of the biogas composition switched into open mode (day 16 in Fig. 1 c; Fig. 2 ). As shown in Fig. 2 , in the first 7 hours of day 16, only H 2 and methane were detected in the gas phase indicating that the increased 273 current production resulted in H 2 accumulation in the reactor.
274
To test if the accumulated H 2 could be converted into methane via non-electrochemical 275 pathway(s), current production in the reactor was terminated (at 7 h, Fig. 2 a) . Interestingly, 276 this caused a remarkable drop in H 2 biogas (from 60% to 18%) but increased methane content 277 in the biogas (from 40% to 80%) (Fig. 2 b) . This result indicated an active biological 278 conversion of H 2 into methane via non-electrochemical pathways.
279
On the other hand, an increase in current production (at WE potential -1.2 V) increased 280 the solution pH from around 8 to 9.3, which was found to be detrimental to the process.
281
Therefore, during the rest of Phase 3 the WE potential in the two-chamber reactor was 282 maintained at a less negative WE potential (-1.1 V) to enable a slightly lower cathodic current 283 (-35 mA), which in turn allowed a more suitable pH level to be maintained. 
Methane enrichment in biogas was possible only when the two-chamber BES-AD was
286 operated in closed-circuit mode (Phase 4) 287 To further confirm the role of bioelectrode on biogas methane enrichment, both the 288 single-and the two-chamber BES-AD reactors were switched into open-circuit mode (i.e. the 289 potentiostat was switched off) after they have demonstrated a steady state performance with 290 current production (Fig. 2) , the last two days of the experiment). Results showed that the 291 methane content in the two-chamber reactor was decreased from 98% to 52%; and the pH 292 decreased to a level similar to that of the Control. This indicated that without the current, the 293 system could no longer maintain elevated methane content in the biogas. This again confirmed the critical role of the bioelectrochemical pathway(s) in the two-chamber BES-AD 295 on methane enrichment in the biogas (Fig. 2 b) . instructive to determine the relationship between biogas methane content and the WE 303 potentials. Therefore, such relationship was constructed by using the steady-state 304 performance data recorded throughout the entire experimental period (Fig. 3) . The results 305 clearly confirmed the critical role of applied voltage for methane enrichment, as there was no 306 difference in the methane content amongst the three reactors without applied voltage (Fig. 2 307 a). The results revealed a near-linear dependence of methane content on the cathodic current 308 in the two-chamber BES-AD reactor, when the cathode potential was ranging between -0.8V 309 and -1.1V. Methane enrichment was not observed at a cathode potential of -1.2V because of 310 excessive hydrogen production (Fig. 2b) .
311
On the other hand, there was no clear evidence to confirm a similar trend for the 312 single-chamber BES-AD reactor (Fig. 3 a) . Further, the two-chamber reactor enabled up to 313 40% more methane production than the control. As a comparison, without applied voltage the 314 two-chamber reactor also produced biogas with an average methane content (approximately 315 50%) similar to that in the control reactor (data not shown). At WE potential of -1.1 V, the single chamber BES-AD reactor only facilitated a marginally (10%) higher methane content 317 than the control (when the WE potential was -0.8 V during Phase 1, Fig. 1) . Clearly, the 318 single-chamber reactor was unable to achieve biogas methane augmentation over a prolonged 319 operation (>72 h). This result was contradictory to an earlier report, where a very high 320 methane content of 98% was recorded within a short-term test period (72 h During the 30-day experiment, tests were conducted on day 14 and 28 to evaluate the 327 electrochemical activity of the bioelectrodes in the two BES-AD reactors. In these tests, 328 steady state current was recorded at different WE potentials ranging from 0 to -1.2 V (Fig. 4) .
329
The results showed that the biofilm in the two-chamber reactor became more proficient in 330 driving the cathodic reaction (as indicated by cathodic current) with a more negative WE 331 potential (Fig. 4 a) . However, such behaviour was not observed with the bioelectrode of the 332 single-chamber reactor (Fig. 4 b) . In the single-chamber reactor, a lowered (more negative) 333 electrode potential did not result in a higher cathodic current. In fact, no apparent onset of 334 cathodic current generation was observed in the single-chamber BES-AD reactor. This 335 suggested that the cathodic activity of the established biofilm was very poor, which in turn 336 explained why the single-chamber BES-AD reactor was not responsive to the voltage applied 337 to WE for stimulating methane formation (Fig. 3 a) .
It was surprising to note that both bioelectrodes in the two BES-AD reactors exhibited 339 anodic activity (Fig. 4) . When the WE potential became less negative (e.g. > -0.4 V and >-0.6 340 V for the two-and single-chamber reactors, respectively), the currents became positive 341 (anodic) and were significantly higher compared to that of the abiotic control. The ability of a 342 BES biofilm to catalyse both anodic and cathodic reactions has been reported in the past 343 (Cheng et al. 2010 (Cheng et al. , 2012 . However, further study is required to elucidate the metabolic 344 activity of the biofilms under a prolonged or regular exposure to the anodic potentials. Without applied voltage, no discernible VFAs accumulation was observed in the control 349 reactor throughout the 30-day experiment (Fig. 5 a) . However, VFAs in the single-and 350 two-chamber BES-AD reactors increased significantly (Fig. 5 b and c) . In the single-chamber 351 BES-AD reactor, propionate gradually built up from the start of the experiment, whereas 352 acetate rapidly increased from day 20. Such a rapid increase in acetate also coincided with a 353 pH drop in the single-chamber BES-AD reactor (from pH 7 to 6 after day 20) (Fig. 1 g) . In produced. However, when a more negative (< -0.95 V vs. Ag/AgCl) cathode potential was applied, acetate accumulation was also observed (Jiang et al. 2013) . It is interesting to note 361 that the proton consumption at the cathode in a two-chamber BES reactor generated more 362 alkalinity than could be consumed by the VFA production, resulted in a somewhat paradox of the two-chamber BES-AD reactor ( Table 1) ). Thus, the proclaimed positive role of 398 bioelectrodes on AD process should be carefully verified in future research. Ex-situ use of 399 CO 2 conversion to methane would not suffer from the problem of VFA build-up as there is no 400 organic feed supplied. In such a system the conversion efficiency of electrons to methane is 401 expected to be complex as per 8 electrons transferred 1 CO 2 could be converted to methane.
402
However, because of adjacent pH increase further CO 2 is expected to be trapped as 403 bicarbonate which is not strictly CO 2 conversion to methane but CO 2 removal. The operation 404 of such a system under thermophilic conditions will be published separately. Note: From day 0 to 14 , WE potential was applied at -0.8 V and -1.0 V vs Ag/AgCl for 7 days, respectively; from day 15 to day 28, WE potential was 518 applied at -1.2 V vs Ag/AgCl in the single-chamber, and at -1.1 V vs Ag/AgCl in the two-chamber. 
